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including several for which effective vaccination is em-Paul M. Sharp1
Institute of Genetics ployed, allow comparisons that may inform strategies
for the prevention and control of human viral infections.University of Nottingham
Queens Medical Centre
Nottingham NG7 2UH AIDS Viruses
United Kingdom The diversity of AIDS viruses is due to their multiple
origins through crossspecies transmission and the ra-
pidity of their subsequent generation of variation. The
two AIDS viruses, HIV-1 and HIV-2, had distinct origins.
The diverse consequences of different viral infections They are members of the Lentivirus genus of the family
on the human population reflect both the history of their Retroviridae, and closely related simian immunodefi-
origins and the nature of their ongoing evolution. Ad- ciency viruses (SIV) have been found in more than 20
vances in the ease of finding and characterizing viral species of African primates (Hahn et al., 2000). From
genome sequences are having a major impact on our their close evolutionary relationships, it seems clear that
understanding of the diversity of human viruses and the ancestor of HIV-1 was SIVcpz infecting chimpanzees
of their relatives infecting other species. (Pan troglodytes) in central Africa, while HIV-2 was de-
rived from SIVsm infecting sooty mangabeys (Cerco-
cebus atys) in west Africa (Figure 1A). Reflecting these
Introduction distinct origins, HIV-1 and HIV-2 are highly diverged;
Viruses are classified into more than 60 disparate fami- for example, their envelope protein sequences differ at
lies on the basis of their genome type and gene content about 60% of residues.
(Table 1). Members of at least 20 of these families infect SIV strains have been obtained from two different
humans. Human viruses vary in their use of RNA or DNA chimpanzee subspecies in central Africa, P.t. troglo-
as genetic material, have genome sizes ranging from a dytes and P.t. schweinfurthii, but have not been found
few thousand to hundreds of thousands of nucleotides, in a third subspecies, P.t. verus, in west Africa (Santiago
and have diverse life styles including different transmis- et al., 2002). Chimpanzees most likely acquired SIV from
sion routes, infection of diverse tissues, and whether monkeys, and the apparent absence of SIV infection
they are cleared by the host or cause persistent infec- in one subspecies may indicate that the crossspecies
tion. These various factors mean that viruses evolve in transmission was relatively recent. Two points have
diverse ways and at rates differing by up to six orders emerged from closer scrutiny of the relationships among
of magnitude; generally, RNA viruses evolve extremely HIV-1 and SIVcpz (Figure 1B). First, it is the SIV strains
rapidly. Also, different viruses have been transmitted to from P.t. troglodytes that are more closely related to
humans from other species at various stages of our HIV-1, placing the origin of HIV-1 in west equatorial Af-
history. The term “emerging viruses” was coined primar- rica (Gao et al., 1999; Santiago et al., 2002). Second,
ily to cover those that appeared within the last century. HIV-1 and SIVcpz lineages are intermingled within the
Among these, some have spread epidemically in their evolutionary tree, defining three distinct groups of HIV-1
new host, while others cause recurrent outbreaks but (M, N, and O), each of which must have arisen from a
have not become established in the human population. separate crossspecies transmission. Envelope se-
Other viruses emerged thousands of years ago and have quences of groups M and O differ by 50%, in part be-
stayed. Some may have been introduced only once, cause their progenitors had already been diverging in
whereas others are intermittently reintroduced from chimpanzees. Similarly, there are highly divergent
their natural reservoir. Finally, some viruses may not groups of HIV-2 that must have arisen from SIVsm on
have been acquired by crossspecies transmission at all, at least four, and possibly six or more, distinct occasions
but rather have always been with us, i.e., they infected (Hahn et al., 2000). For reasons that remain unclear, the
our ancestors even before they had evolved to become different groups of HIV-1 and HIV-2 have spread to very
humans. different extents and the global AIDS pandemic is largely
Twenty years ago the sudden appearance, or more due to the descendants of just one of these transmis-
accurately, the recognition of AIDS sparked numerous sions, HIV-1 group M (Peeters and Sharp, 2000).
lines of research on the causative viruses, HIV-1 and Since its arrival in humans, HIV-1 group M has diversi-
HIV-2. Not least among these have been attempts to fied rapidly. The M group is classified into various sub-
understand the origins and evolution of the diversity of types (A–K; Figure 1B), which appear to be due to
these viruses and the implications of this diversity for founder events and exponential growth of the number
drug therapy and vaccine development. Our knowledge of infected individuals (Rambaut et al., 2001). The short-
of the diversity of HIV-1 soon outstripped that of many term evolutionary rate of HIV-1 strains has been esti-
other viruses discovered much earlier, although devel- mated at about 102 substitutions per site per year, when
opment of a vaccine for HIV-1 remains at an early stage. looking at synonymous changes; this is around one mil-
Insights into the origins and evolution of other viruses, lion times quicker than reported for mammalian genes.
This fast rate is the product of the high mutation rate
of reverse transcriptase and the rapid replication rate1Correspondence: paul@evol.nott.ac.uk
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Table 1. Viral Diversity
Genetic Material Families Example Families Example Genus Example Viruses
dsDNA 20 Herpesviridae Rhadinovirus Human herpesvirus 8
ssDNA 5 Parvoviridae Dependovirus Adeno-associated virus 2
RNA/DNAa 5 Retroviridae Lentivirus HIV-1
dsRNA 6 Reoviridae Rotavirus Human rotavirus group A
ssRNA 7 Orthomyxoviridae Influenzavirus A Influenza A virus
Paramyxoviridae Morbillivirus Measles virus
Filoviridae Ebolavirus Zaire Ebola virus
ssRNA 18 Picornaviridae Enterovirus Poliovirus
a Viruses that reverse transcribe RNA into DNA.
of the virus (Sharp et al., 2000). The oldest known strain tantly, the diversity of HIV-1 is continually growing: cur-
rently, even strains of the same subtype may differ byof HIV-1 comes from a plasma sample taken in Kinshasa
in 1959. In the evolutionary tree it lies close to the ances- up to 20% in envelope, and this value increases year
on year. The impact of the rapid rate of mutation andtor of subtype D, but not at the base of the M group,
indicating that the origin of the M group occurred rather recombination on population genetic diversity of HIV-1
within individual patients, and its implications for ther-earlier (Zhu et al., 1998). Consistent with this, back-
calculations suggest that the ancestor of the M group apy, have been reviewed by Malim and Emerman (2001).
existed around 1930 (Korber et al., 2000; Salemi et al.,
2001; Sharp et al., 2000). The consequence of 70 years Measles
Measles is so familiar that it is taken for granted as anof diversification is that subtypes now differ by up to
30% in the envelope protein. The complexity of HIV-1 infection of humans, who are the only known natural host
for the virus, and historical records provide evidence ofdiversity is exacerbated by recombination; recombinant
viruses are common, and indeed, mosaic strains have measles epidemics over the last 2000 years. However,
measles is a crowd disease: immunity is generated inbecome predominant in certain areas of the world (Pee-
ters and Sharp, 2000). If a vaccine can be developed, it surviving individuals, and so, for the virus to persist
in the host species, it must frequently encounter newis not clear how much diversity it will cope with. Impor-
Figure 1. Evolution of AIDS Viruses
(A) Primate lentivirus tree (derived from Pol protein sequences), showing the distinct origins of HIV-1 and HIV-2 (in red). SIV strains have a
suffix indicating their species of origin.
(B) SIVcpz/HIV-1 tree (derived from Env protein sequences), showing the distinct origins of HIV-1 groups M, N, and O, and the numerous
subtypes (A–K) within group M. Among the chimpanzee viruses (SIVcpz), Ant was isolated from P.t. schweinfurthii and the other strains from
P.t. troglodytes.
Note that HIV-1 group N occupies different positions in the two trees, indicating that it has a recombinant origin (Gao et al., 1999). The scale
bars indicate 10% sequence divergence.
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Measles vaccination is highly effective. Global strains
belong to a single serotype, and vaccines are based on
derivates of an isolate from nearly 50 years ago. This
antigenic stability represents an enigma in an RNA virus.
In recent years, knowledge of the genetic diversity of
measles viruses has increased greatly, resulting in their
classification into eight distinct clades (A–H), which are
further subdivided into genotypes (World Health Organi-
zation, 1998; Liffick et al., 2001). This makes the phylog-
eny of measles strains (Figure 2B) superficially resemble
that of HIV-1 group M (Figure 1B), but there is a striking
difference in the extent to which the two viruses have
diversified: measles viruses of different genotypes differ
only by up to about 5% in the sequences of the two
major antigens, the hemagglutinin glycoprotein and the
nucleocapsid protein. If these strains had been diverg-
ing for (say) 2000 years, this would imply an extremely
low rate of evolution.
However, the rate of substitution in the hemagglutinin
gene has recently been estimated at about 103 per site
per year (Jenkins et al., 2002). Thus, compared to HIV-1
group M, the estimates of substitution rate and genetic
diversity for measles viruses are about 10 and 20 times
lower, respectively, leading to the surprising conclusion
that the most recent common ancestor of contemporary
measles virus strains may have existed within the last
100–200 years. Such recent common ancestry could
reflect replacement of preexisting strains by a new
crossspecies transmission. However, the genetic dis-
tance between measles and rinderpest is about 20 times
that among measles strains, consistent with the two
having diverged around the time when measles is
thought to have been introduced to humans. Alterna-
tively, random genetic drift can lead to a single genotype
taking over the population, but given the short time scale
(perhaps a transmission chain of 5000 infected individu-
als over 200 years) this could only happen if the effective
population size (in this case, the average number of
Figure 2. Evolution of Measles Viruses infected individuals who contribute to the future of the
(A) Phylogeny of morbillivirus hemagglutinin sequences. Abbrevia- epidemic) has been surprisingly small (around 2500).
tions are as follows: PPRV, Peste des Petits Ruminants Virus; DV,
Perhaps the most likely explanation of the relative homo-distemper virus.
geneity of measles viruses is that one superior strain,(B) Phylogeny of measles virus hemagglutinin sequences, showing
such as a more transmissible variant, has spreadclades (A–H) and genotypes (e.g., D1–D7). Labels include the date
throughout the human population within the last century.of isolation; the strain from which vaccines are derived is indicated.
This timescale would be consistent with the advent of
a new era of more frequent and more rapid transporta-susceptible individuals, and this depends on the popula-
tion of people (Cliff et al., 2000). There is evidence of attion having reached a certain threshold density. For
least mild positive selection on the hemagglutinin genemeasles in humans this has been estimated as at least
during the derivation of contemporary strains (Woelk eta quarter of a million; when measles outbreaks occur in
al., 2001).smaller isolated populations the virus soon becomes
extinct (Cliff et al., 2000). Thus, measles could not have
Influenza Virusesbeen maintained in humans until a few thousand years
The annual epidemics and occasional pandemics ofago, and the virus must have been introduced from
“flu” are caused by influenza A viruses, members of theanother species. That source has not been definitively
Orthomyxoviridae. Influenza is, like measles, a crowdidentified. Measles is caused by a morbillivirus, from the
disease, and so could not have persisted in early humanfamily Paramyxoviridae, with a negative sense single-
populations. The natural reservoir of influenza A virusesstranded RNA (ssRNA) genome. Related viruses are
is aquatic birds (Webster et al., 1992). The human popu-known in a range of mammals, including ruminants, car-
lation may have been continuously infected with influ-nivores, and cetaceans. Some, such as one in pilot
enza for thousands of years, but unlike measles, it iswhales (Taubenberger et al., 2000), have only recently
clear that the gene pool of human influenza A virusesbeen discovered, and it seems likely that many as yet
is sporadically refreshed with new material from theunknown morbilliviruses naturally infect other mammals.
avian reservoir: these viruses are continually re-Among the known morbilliviruses, the most closely re-
lated to measles is rinderpest from bovids (Figure 2A). emerging.
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Figure 3. Evolution of Influenza A Viruses
(A) Overall phylogeny of influenza A hemagglutinin protein sequences. Viruses isolated from humans (red) and other mammals (blue) are
indicated; all others are from birds. Dates mark the time when viruses of that serotype started to spread in humans (for the 1918, 1957, and
1968 pandemics) or when the H5N1 strain appeared in humans in Hong Kong. The neuraminidase (N) serotypes of each strain are also
indicated: in a phylogeny derived from neuraminidase sequences, strains of the same N serotype (e.g., H1N2, H2N2, H3N2, H4N2, H5N2,
H7N2, H9N2, H13N2) cluster, and so the neuraminidase phylogeny is completely different from the hemagglutinin phylogeny, reflecting
reassortment.
(B) Phylogeny of human H3N2 influenza A hemagglutinin sequences. The label of each sequence includes the date of isolation.
Influenza A viruses have a ssRNA genome com- The next pandemic, “Hong Kong flu” in 1968, was due
to a switch to hemagglutinin H3, differing at about 60%prised of eight short segments, each approximately
equivalent to one gene, which behave like chromo- of amino acids from H1 or H2. These massive shifts
in sequence were due to the introduction of genomicsomes. In an individual infected by two distinct strains,
reassortment can occur to produce a hybrid virus with segments from the avian influenza virus population (Fig-
ure 3A). In 1957 three segments were replaced and insegments derived from both. Influenza A strains are
defined serologically by two glycoproteins, hemaggluti- 1968 only two (there was no shift in neuraminidase); the
other segments persisted from previously circulatingnin (H) and neuraminidase (N), which form spikes on the
surface of the virion. The first human viruses isolated, human strains. Thus, these antigenic shifts were brought
about through reassortment.in the 1930s, were designated serotype H1N1. Fifteen
different H serotypes and nine N serotypes have been Antigenic drift should not be confused with the neutral
process of random genetic drift; antigenic drift involvesdescribed in birds, but only three of each are known to
have caused epidemics in humans. positive adaptation of the virus, with evidence of selec-
tion on antigenically important residues (Bush et al.,Influenza epidemics and pandemics are caused by
antigenic drift and shift, respectively. Antigenic drift is 1999). While antigenic drift is slow and gradual com-
pared to antigenic shift, nevertheless the rate of evolu-evolution of a serotype through gradual replacement of
antigenically important residues; the changes are few tion is extremely high. The rate in the hemagglutinin
gene, at around 6 103 substitutions per site per year,in number at any one time, but sufficient to allow infec-
tion of previously exposed individuals and thus a new is similar to the rate of HIV-1 evolution. However, be-
cause antigenic drift reflects the production of an es-epidemic. Antigenic shift, to a new serotype, involves a
much greater change in protein sequence. Thus, the cape mutant, which is then the founder for the next wave
of the global epidemic, influenza viruses go throughpandemic of 1957 (“Asian flu”) was due to a shift to
H2N2, replacing the H1N1 serotype that had circulated repeated genetic bottlenecks, and the evolutionary tree
of human H3N2 influenza A strains (Figure 3B) looksin human populations since 1918. The hemagglutinin
and neuraminidase sequences of H2N2 differ from H1N1 very different from that of HIV-1 group M (Figure 1B).
Consequently, the standing diversity of influenza Aat about 35% and 58% of amino acids, respectively.
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strains does not continually increase, peaking at a level of all chickens stopped the outbreak in its tracks. Never-
much lower than now seen among HIV-1 strains: con- theless, grave concern remains that a new serotype may
temporary strains of the same serotype differ only by emerge at any time, initiating the next pandemic.
up to 2%–3% of residues in hemagglutinin. Vaccines
are effective against this low diversity until escape, when Herpesviruses
a new optimal vaccine must be developed. Eight distinct herpesviruses (HV) are known to infect
Current vaccines need two influenza A components humans. Three were described only within the last 20
because, unlike the preceding 60 years, two serotypes years, but this reflects discovery rather than recent intro-
have been cocirculating since 1977. The serotype that duction from other species. Herpesviruses cause persis-
appeared in 1977 was not new to humans but repre- tent, mainly latent, infections in their natural hosts, al-
sented a reemergence of H1N1 viruses similar to those though some can be associated with neoplasias. Several
circulating around 1952; this H1N1 strain had remained have seroprevalences higher than 80% in different hu-
frozen (perhaps literally) for a quarter of a century. The man populations, so that typically each of us carries
reason why H1N1 strains did not completely displace three or four different herpesviruses. Related viruses
H3N2 is unclear. It may be that the time period since the have been found in a wide variety of mammals, including
previous disappearance of H1N1 was too short: many other primates. It seems likely that most, or all, of the
people had been infected by H1N1 strains only 20 years human viruses have infected us for as long as our spe-
earlier, and so the advantage of H1N1 over H3N2 was not cies has existed, having been inherited from our ances-
as great as for a serotype that had not been experienced tors. This has long been suspected, but only recently
previously other than by a very small (and aged) fraction have sufficient sequence data from herpesviruses in-
of the population. fecting other species become available to test this.
The most devastating recorded influenza pandemic was Herpesviruses have large (100 kb) dsDNA genomes,
the “Spanish flu” of 1918–1919, which killed an estimated typically encoding more than 70 genes. Among these
20–40 million people. That influenza was unusual not only are a core set of about 40 genes sufficiently highly con-
in its virulence, but also in the age group it attacked: served to be identifiable in all mammalian herpesviruses.
normally, the young and old are particularly susceptible Evolutionary trees derived from different core genes give
but the 1918 pandemic struck young adults at an ex- consistent results (McGeoch et al., 2000), suggesting
traordinarily high rate. This antigenic shift was due to that recombination between different herpesvirus types
the introduction of a complete avian virus, rather than has not contributed significantly to their evolution. How-
reassortment. There was also an H1N1 epidemic among ever, at different times in the past, herpesviruses have
swine at that time. Comparisons of human and swine also acquired various genes from their hosts’ genomes,
strains from the 1930s onward have suggested that they presumably via nonhomologous recombination.
shared a common ancestor shortly before 1918. The phylogeny of the mammalian herpesviruses (Fig-
In an attempt to understand the extraordinary viru- ure 4A) reveals three major lineages (the , , and 
lence of the 1918 strain, sequences have been derived subfamilies), each of which can be divided into at least
from viruses infecting three victims of the pandemic: an
two further subclades (genera); human viruses fall within
Inuit woman buried in permafrost in Alaska and two
six different genera. The tree illustrates three distinct
US servicemen (Reid et al., 1999). So far, three genes
features of herpesvirus evolution. First, more recently
(including H and N) have been pieced together (Basler
(i.e., near the tips of the tree) many aspects of the topol-et al., 2001). As expected, these fall deep within the
ogy of herpesvirus phylogeny match those of their mam-evolutionary tree, close to the common ancestor of hu-
malian host species. Thus, where close relatives of hu-man and swine H1N1 strains. Examination of these se-
man herpesviruses are known, they come from otherquences has revealed no clue as to why the virus was
primates, and those from Old World monkeys (such asso deadly. Recently, it has been suggested that the 1918
baboons and macaques) are more closely related thanH gene sequence was a recombinant of the then recently
those from New World monkeys (spider monkeys anddiverged human and swine virus lineages, and that for
squirrel monkeys). Similar concordance of host and vi-some reason this particular hybrid had increased viru-
rus phylogenies is seen also for viruses from carnivores,lence (Gibbs et al., 2001). However, this conclusion is
rodents, and artiodactyls (Figure 4A). The simplest ex-controversial, for two reasons. First, influenza viruses
planation is coevolution, i.e., that ancestral viruses in-are not known to undergo recombination (Webster,
fected ancestral mammals, and that as the mammals2001), although recombinant hantaviruses (which also
speciated, their viruses diverged with them.have segmentedssRNA genomes) have been reported
Nevertheless, there are some obvious discordances(Sibold et al., 1999). Second, the data are not compelling:
between the trees for viruses and hosts. For example,clear demonstration of recombination relies on showing
clustering within the primate -1 clade are viruses fromthat the sequence lies in different positions in trees de-
two different species of wallabies (Mahoney et al., 1999),rived from each of the recombined portions (as for HIV-1
as well as a bovine virus. Thus, the second feature hasgroup N in Figures 1A and 1B)—this was not apparent
been, at least occasional, crossspecies transmission.in Gibbs et al. (2001).
Third, at various points in the tree, there must haveIn 1997 there was concern that a new pandemic, even
been additional viral speciations to give rise to the multi-more deadly than that of 1918, might be on its way. In
ple types of herpesvirus infecting the same species.Hong Kong, H5N1 viruses infected 18 individuals, killing
Some of these events, such as those giving rise to theone third of them. The viruses were identical to those
, , and  lineages, lie deep in the past: under thein local chickens (Figure 3A). However, it seemed that
human-to-human transmission did not occur, and a cull cospeciation scenario, these divergences occurred
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Figure 4. Evolution of Herpesviruses
(A) Overall phylogeny of herpesviruses, de-
rived from comparisons of glycoprotein B se-
quences. Branching patterns consistent with
virus-host cospeciation are highlighted for vi-
ruses from primates (red) and from carni-
vores, artiodactyls, and rodents (blue). The
eight human virus are labeled HHV; for other
viruses, the species of origin is indicated. Ab-
breviation: CMV, cytomegalovirus.
(B) Phylogeny of primate Rhadinoviruses
(RhV), derived from comparisons of partial
DNA polymerase sequences. Abbreviations:
AGM, African green monkey; Rh, Ce, and Pt
denote rhesus, crab-eating, and pig-tailed
macaques.
more than 100 Myr ago, before the splits among mam- turn, allows an estimation of the rate of evolution of
herpesviruses: for synonymous substitutions in HHV-1malian orders. Others were quite recent: for example,
the divergence of the two human herpes simplex viruses and HHV-2, the rate may have been as low as 3  108
substitutions per site per year (Hatwell and Sharp, 2000),(HHV-1 and HHV-2) is estimated to have occurred within
the last 10 Myr (McGeoch et al., 1995). These viral dupli- only about 10 times faster than in the genes of their
host, and many orders of magnitude slower than RNAcation events could have occurred via cospeciation fol-
lowed quickly by crossspecies transmission, or simply viruses. Independent estimation of the rate of herpesvi-
rus evolution comes from comparisons involving re-through specialization of viruses to separate niches. A
number of years ago it was suggested that HHV-1 and cently acquired genes. For example, equine HV-2 has
an interleukin 10 gene closely related to that from theHHV-2, which generally cause oral and genital infections,
respectively, became separated due to changes in the horse; since the common ancestor of the horse and
virus genes, the viral protein appears to have evolvedsexual behavior of our ancestors (Gentry et al., 1988).
As alluded to above, the general pattern of herpesvi- about 10 times faster (McGeoch, 2001). This rate esti-
mate is similar to that derived assuming coevolution andrus-host coevolution allows a timescale to be placed on
the evolutionary tree (McGeoch et al., 2000). This, in so provides corroboration of that hypothesis.
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Coevolution also implies that the majority of mamma- Virus Genome Sequence Projects
The first genome sequences determined were those oflian species are likely to be infected by numerous her-
viruses. For example, the publication of the 172 kb se-pesviruses, most of which have yet to be described.
quence of Epstein-Barr virus (human herpesvirus 4) inThat most recently discovered in humans, HHV-8 impli-
1984 was a significant milestone on the path that hascated in Kaposi’s sarcoma, was described in 1994.
led to the completion of genome sequences of bacteriaWhen first characterized, its closest known relatives
and eukaryotes. While new viruses, and even new fami-were members of the Rhadinovirus genus from New
lies of viruses, are still being discovered, for those al-World monkeys. Other rhadinoviruses have now been
ready known, the “genome project” has advanced to afound in Old World monkeys and in apes (Figure 4B).
next stage, examining sequence variation among differ-Mandrills, macaques, and African green monkeys have
ent strains. The examples described above, from fiveall been found to harbor two distinct lineages of rhadi-
different viral families, show that the genetic diversitynoviruses, while most recently, three have been reported
seen in different viruses infecting humans results fromin chimpanzees (Lacoste et al., 2001). Thus, our ances-
a complex interaction of several factors, including theirtors were most likely infected by at least two different
origins, pattern of epidemiology, replication strategy,rhadinoviruses. HHV-8 only came to attention because
and rate of evolution. These examples suggest that,of its effect in immunocompromised individuals suffer-
other than some fundamental differences between DNAing from AIDS; perhaps a second rhadinovirus infects
and RNA viruses, there may be few generalizations thathumans but has yet to be discovered.
can be made. It is clearly very important to maintain
and extend efforts to characterize the global sequenceEbola
diversity of viruses.Ebola viruses cause the most severe of human hemor-
An understanding of the extent, pattern, and historyrhagic diseases. They were unknown before 1976, when
of human viral diversity is relevant in a number of ways.nearly simultaneous outbreaks in Nzara, Sudan and
Most obviously, it can shed light on the spread of viralYambuku, Zaire each encompassed about 300 people,
epidemics around the world. For those viruses that havewith fatality rates of 50% and 90%, respectively. Notable
infected humans for a long time, it can also providesubsequent outbreaks have occurred in Sudan in 1979,
insights in the history of the human population. Knowl-Gabon in 1994–1996, Kikwit, Zaire in 1995, and Uganda
edge of viral genetic variation can also provide cluesin 2000. (At the time of writing a new outbreak has been
about the likely efficacy of antiviral drugs. For example,reported in Gabon.) Ebola clearly has a zoonotic origin,
antiretroviral therapies have been developed in the USAbut the natural reservoir remains a mystery despite ex-
and Western Europe, where most HIV-1 strains belongtensive searching. Like measles and influenza, Ebola
to subtype B. The drugs select for resistance mutationsviruses are ssRNA viruses, but they belong in a quite
in HIV-1. Given the high diversity among HIV-1 subtypes,distinct family, the Filoviridae. The only other known
it is perhaps unsurprising that the amino acid replace-Filoviridae are Marburg viruses, first seen in 1967, but
ments conferring resistance already exist as the wild-since then seen only in isolated cases.
type form in some of the other subtypes that predomi-
On each occasion the Ebola outbreak has, ultimately,
nate in other parts of the world.
been contained and the virus has not persisted in the
Viral diversity might have its greatest impact in the field
human population. Within each outbreak viruses have
of vaccine development. While there may be no strict
been identical, indicating origination from a point equation relating vaccine efficacy to the level of viral ge-
source. This may also indicate relatively slow evolution netic variation, it is clear that (in general) variation can
of these RNA viruses, but the rate is difficult to estimate, lead to escape. In this context, the comparison between
because of the short duration of the outbreaks. The HIV-1 and viruses for which vaccines exist is worrying
glycoprotein sequences of viruses from the 1976 and in several ways. First, the global genetic variation among
1995 Zaire outbreaks differed at less than 2% of resi- contemporary HIV-1 strains is at least 10-fold greater
dues, and those of the 1976 and 1979 Sudan viruses at than for measles and influenza A. Second, the diversity
less than 1%. In contrast, Zaire and Sudan strains differ among HIV-1 strains continues to grow rapidly. Third,
at 45% and can be detected as different serotypes. the pattern of HIV-1 diversity is such that simple multi-
While the coincidental timing of the two 1976 outbreaks partite vaccines may not be appropriate. Thus, while
was suggestive of epidemiological linkage, albeit be- there are instances of locally predominant subtypes due
tween locations about 800 km apart, this was clearly to founder effects, such as subtype C in southern Africa
not the case. The virus from a single 1994 case from and “subtype E” (in reality, a recombinant of subtypes
a distant location, the Ivory Coast, represents a third A and E) in southeast Asia, the variation within these
serotype (34% different from Zaire strains), while Ebola founded populations is rapidly increasing, and human
viruses recurrently found in captive monkeys in the Phil- mobility leads to the introduction of other subtypes.
lipines (and in monkeys imported to the USA) constitute However, it should be noted that while discussion of
a fourth. Thus, the high diversity of Ebola viruses re- HIV-1 diversity is dominated by consideration of sub-
ported in humans is due to high, perhaps geographically types (and their recombinants), it is clear that these
structured, diversity in the unknown natural reservoir(s). do not correspond to immunotypes, and the possible
Some progress has been made toward an Ebola vaccine impact of HIV-1 diversity on the success of an AIDS
(Sullivan et al., 2000). The aim is for a tripartite vaccine, vaccine is as yet unclear (Moore et al., 2001).
protecting against the three serotypes so far found in It is also important to extend our knowledge of the
humans. However, the true diversity of Ebola viruses diversity of viruses infecting other species. This can help
identify the source of current and potential future humancan only be guessed at.
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